Background: Hemoglobin-based oxygen-carrying solutions (HBOC) provide emergency alternatives to blood transfusion to carry oxygen to tissues without the risks of disease transmission or transfusion reaction. Two primary concerns hampering the clinical acceptance of acellular HBOC are the occurrence of systemic and pulmonary vasoconstriction and the maintenance of the heme-iron in the reduced state (Fe ؉2 ). We recently dem-
DEVELOPMENT of hemoglobin-based oxygen carriers (HBOC) has been driven by several imperatives, such as the requirements for emergency field transfusion of large volumes of blood products, the prevalence of transfusiontransmitted diseases (human immunodeficiency virus, hepatitis B or C), and a shortage of blood donors. 1 HBOCs might provide an alternative to blood transfusion due to their capacity to augment tissue oxygenation. 2, 3 Moreover, HBOCs offer the advantages of ready availability on the battlefield and a long shelf-life without the risks of viral pathogens or the necessity for blood typing. 4 One of the major safety concerns of HBOC products is systemic vasoconstriction. 5 The vasoconstrictor effects of HBOCs may aggravate microcirculatory failure in splanchnic organs of patients with hemorrhagic shock. 6 Systemic vasoconstriction may also contribute to the excess myocardial infarction and mortality seen in HBOC-treated patients, as reported in a recent metaanalysis of the available clinical trials data. 7 HBOCs can also cause pulmonary vasoconstriction; studies of dogs, pigs, sheep, and humans have shown a significant increase in pulmonary vascular resistance during hypovolemic resuscitation with HBOCs. 8 -13 Several mechanisms have been proposed to explain HBOC-induced vasoconstriction. Winslow has proposed an autoregulation theory suggesting that enhanced plasma oxygen delivery by cell-free hemoglobin may trigger arteriolar vasoconstriction. 14 Another hypothesis is that hemoglobin tetramers diffuse through the vascular endothelium when they are removed from their protective erythrocytic membranes. The extravascular tetramer then binds nitric oxide synthesized by endothelial cells, thereby interrupting the vasodilator message to vascular smooth muscle cells and causing vasoconstriction. 15 In a hemorrhagic shock model, microcirculatory recovery was greater after resuscitation with an HBOC with reduced nitric oxide-scavenging capacity than after resuscitation with a colloid or a first-generation hemoglobin solution. 16 Our recent research report provides additional evidence that scavenging of endotheliumderived nitric oxide (synthesized by nitric oxide synthase 3) by cell-free tetrameric hemoglobin is the primary mechanism responsible for the vasoconstriction observed after the administration of HBOC. 17 This article is featured in "This Month in Anesthesiology." Please see this issue of ANESTHESIOLOGY, page 9A.
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Another potential safety concern associated with administration of HBOCs is oxidative stress, which may cause tissue injury. 18 Plasma reductive capacity is required to maintain the infused HBOC in a reduced state (heme-Fe ϩ2 ). Oxidation of hemoglobin results in the formation of methemoglobin (heme-Fe ϩ3 ), which is unable to bind or deliver oxygen or nitric oxide and which can give rise to free radicals that have the potential to cause endothelial vascular injury. 19, 20 Recently, Minneci et al. reported that the systemic vasoconstriction induced by intravenous infusion of cellfree hemoglobin was prevented in dogs by concurrent breathing of nitric oxide (80 parts per million [ppm]). 21 However, concurrent breathing of 80 ppm nitric oxide caused 85-90% of the circulating extracellular hemoglobin to be converted to methemoglobin after 1 h, disabling the oxygen-carrying capacity of the infused hemoglobin. We recently reported that inhalation of 80 ppm nitric oxide for 1 h before intravenous infusion of HBOC-201 (a cross-linked bovine hemoglobin) prevented the development of systemic hypertension without oxidizing the HBOC in two species (mice and sheep). 17 In follow-up experiments, we observed that administration of HBOC-201 to awake lambs induced pulmonary vasoconstriction that could not be prevented by pretreatment with inhaled nitric oxide. In the current study, we sought to determine whether the pulmonary vasoconstriction induced by administration of HBOC-201 could be prevented by pretreatment with high doses of inhaled nitric oxide followed by breathing lower concentrations during and after administration of the HBOC. We report that pretreatment with inhaled nitric oxide (80 ppm for 1 h) followed by continuous inhalation of a low concentration of nitric oxide (5 ppm) during and after HBOC-201 infusion prevented HBOC-induced pulmonary hypertension and decreased cardiac output without increasing extracellular or intracellular methemoglobin levels.
Materials and Methods

Animal Preparation and Hemodynamic Measurements
This study was approved by the Subcommittee on Research Animal Care at the Massachusetts General Hospital, Boston, Massachusetts. Thirty-five Suffolk lambs (24.5 Ϯ 2.7 kg, mean Ϯ SD) were anesthetized with an intramuscular injection of ketamine hydrochloride (15 mg/kg; Hospira, Inc., Lake Forest, IL) as described previously. 17 After emergence from general anesthesia, all lambs were allowed to recover for at least 2 h in a large-animal mobile restraint unit (Lomir, Malone, NY) before starting the study. Mean arterial pressure (MAP), mean pulmonary arterial pressure (PAP), central venous pressure, pulmonary arterial occlusion pressure, heart rate, and cardiac output were measured as described previously. 22 Systemic vascular resistance (SVR) and pulmonary vascular resistance (PVR) were calculated using standard equations.
Biochemical Measurements
Blood samples were collected before and after infusion of autologous whole blood or HBOC-201 as described previously. 23 Plasma thromboxane B 2 concentrations in plasma were determined with a Thromboxane B 2 ELISA kit (Neogen Corporation, Lexington, KY).
Nitrate and nitrite levels in plasma were determined in 15 lambs with a nitrate/nitrite fluorometric assay kit (Cayman Chemical Company, Ann Arbor, MI). 24 Hemoglobin and methemoglobin concentrations of whole blood and plasma were determined by the cyanomethemoglobin method measuring absorption at 540 nm and 630 nm with a spectrophotometer (Biomate 3; Thermoelectron Corporation, Waltham, MA).
Experimental Protocol
Preparation of HBOC-201. HBOC-201 (12-14 g/dl, pH 7.6, methemoglobin Յ 5%, containing 3% tetramer) is a preparation of glutaraldehyde-polymerized bovine hemoglobin in a buffered physiologic solution of electrolytes and was obtained from the Biopure Corporation (Cambridge, MA).
Nitric Oxide Delivery. The tracheotomy tube was connected to a circuit consisting of a 3 l reservoir bag and a two-way nonrebreathing valve (Hans Rudolph, Kansas City, MO) to separate inspired gas from expired gas. Using volumetrically calibrated flowmeters (ColeParmer, Vernon Hills, IL), nitric oxide gas (900 ppm in nitrogen; Specialty Gases of America, Inc, Toledo, OH) was mixed with air and pure oxygen to obtain a final concentration of 80 ppm nitric oxide or 5 ppm nitric oxide both at FIO 2 ϭ 0.3. Nitric oxide concentration was measured with a chemiluminescence nitric oxide analyzer (Sievers, Model 280 Nitric Oxide analyzer, Boulder, CO) connected to the inspiratory limb of the two-way valve. Nitrogen dioxide and oxygen levels were continuously monitored. Exhaled gases were scavenged via a Venturi exhalation trap maintained at negative atmospheric pressure by the central vacuum system.
Effects of HBOC-201 and Inhaled Nitric Oxide on Systemic and Pulmonary Vascular Resistance. Fortyeight hours before the experiments, each lamb was anesthetized with an intramuscular injection of 15 mg/kg ketamine, and 12 ml blood/kg of body weight was withdrawn via the jugular vein. The blood was collected in blood collection bags (Jorgensen Laboratories, Loveland, CO) containing sodium heparin (25 units/ml blood) and was stored at 4°C for 2 days before reinfusion for the control group. On the day of the experiment, either autologous whole blood (control group) or HBOC-201 (12 ml/kg) was administered. During the experiments, the lambs were awake and breathed spontaneously while receiving an intravenous infusion of lactated Ringer's solution (15 ml · kg -1 · h -1 ). All hemodynamic measurements and blood samples were obtained at baseline and every 15-30 min.
Blood gases were measured with groups receiving either whole blood or HBOC-201 with a blood gas analyzer (Rapidlab 840; Chiron Diagnostics, Medfield, MA). Oxygen delivery and oxygen consumption were calculated as previously described. 25 Four groups of lambs were studied. One group (n ϭ 6) received an intravenous infusion of autologous whole blood (warmed to 37°C, 12 ml/kg over 20 min) while breathing at FIO 2 ϭ 0.3. A second group (n ϭ 5) received an intravenous infusion of HBOC-201 (12 ml/kg over 20 min) while breathing at FIO 2 ϭ 0.3. A third group (n ϭ 6) breathed 80 ppm nitric oxide at FIO 2 ϭ 0.3 for 1 h followed by discontinuation of nitric oxide gas administration and infusion of HBOC-201 (12 ml/kg over 20 min) while breathing at FIO 2 ϭ 0.3. A fourth group (n ϭ 5) breathed 80 ppm nitric oxide at FIO 2 ϭ 0.3 for 1 h followed by breathing 5 ppm nitric oxide at FIO 2 ϭ 0.3 for 2 h both during and after the infusion of HBOC-201 (12 ml/kg over 20 min). After 2 h, nitric oxide breathing was discontinued and pulmonary and systemic hemodynamics were frequently monitored while lambs breathed at FIO 2 ϭ 0.30. Nitrate and nitrite levels in plasma were determined before and after breathing nitric oxide.
Effects of Breathing Increasing Concentrations of Nitric Oxide on the Intracellular and Extracellular Hemoglobin Oxidation after HBOC-201 Administration. Four additional lambs received an intravenous infusion of HBOC-201 (12 ml/kg over 20 min) followed by breathing sequential ascending concentrations of nitric oxide (0.5, 1, 2, 5, 10, 15, 30, 40, 60, and 80 ppm) for 15 min at each dose. Blood samples were taken for methemoglobin measurement in plasma and whole blood and for arterial blood gas tension and pH analysis (Rapidlab 840; Chiron Diagnostics, Medfield, MA) after breathing nitric oxide at each level.
Effects of Nitric Oxide Breathing on Hemodynamic Measurements in Awake Lambs. Two additional lambs breathed nitric oxide (80 ppm for 1 h) followed by rapid discontinuation of nitric oxide gas and then breathed at FIO 2 ϭ 0.3. MAP, PAP, pulmonary arterial occlusion pressure, central venous pressure, and heart rate were measured at baseline before nitric oxide breathing and every 5 min for 30 min after discontinuing nitric oxide breathing.
Effects of an Intravenous Infusion of Sodium Nitrite on the Systemic and Pulmonary Hemodynamic Response to HBOC-201. In 4 additional lambs, sodium nitrite (1 mg/kg dissolved in phosphate-buffered saline) was infused at a rate of 1 ml/min for 5 min before an intravenous infusion of HBOC-201 (12 ml/kg over 20 min) while breathing at FIO 2 ϭ 0.3. Hemodynamic measurements were recorded for 3 h. Nitrate and nitrite levels in plasma were determined before and after infusion of sodium nitrite.
Statistical Analyses
All data are expressed as mean Ϯ SD. Statistical evaluations were performed with the Sigma Stat 3.0.1 program (Systat Software, Inc., San Jose, CA). A two-way repeated measures analysis of variance with interaction was used to compare data from different groups that were infused with HBOC-201 breathing air supplemented with or without nitric oxide, infused with HBOC-201 after a nitrite infusion, or infused with autologous whole blood while breathing air. Multiple group comparison analysis (plasma hemoglobin oxidation rate in sheep breathing increasing concentrations of nitric oxide) was performed by adding the Holm-Sidak procedure to the Student t test after analysis of variance. When the parametric assumption was violated (i.e., the normality test was failed), time and transfusion (whole blood, HBOC-201 supplemented with or without nitric oxide) were analyzed as variables with the Kruskall-Wallis test. A value of P Ͻ 0.05 was considered significant.
Results
Effects of Inhaled Nitric Oxide on Systemic and Pulmonary Vascular Resistance after Challenge with HBOC-201
Infusion of autologous whole blood did not significantly alter MAP, PAP, SVR, or PVR ( fig. 1A-D) . Infusion of whole blood did not alter oxygen delivery or oxygen consumption (data not shown). In contrast, MAP, PAP, SVR, and PVR were increased immediately after HBOC-201 infusion (12 ml/kg) in lambs breathing at FIO 2 ϭ 0.3 without added nitric oxide (P Ͻ 0.05; differs from autologous whole blood group). Administration of HBOC-201 did not significantly alter the oxygen delivery or consumption rate (data not shown). As we previously reported, pretreatment with inhaled nitric oxide (80 ppm for 1 h) blocked the systemic hypertensive effects of HBOC-201 challenge (P Ͻ 0.05; differs from HBOC-201 without inhaled nitric oxide; fig. 1A ). However, pretreatment with inhaled nitric oxide was unable to prevent the HBOC-201-induced acute systemic vasoconstriction (P Ͻ 0.05, increased SVR differs from autologous whole blood group; fig. 1B ) or pulmonary vasoconstriction (P Ͻ 0.05; increased PAP and PVR differ from autologous whole blood group; fig. 1, C and D) . Cardiac output was lower in the group that received HBOC-201 infusion than in the group that received an autologous whole blood transfusion (P Ͻ 0.05). Pretreatment with nitric oxide inhalation (80 ppm) did not prevent the reduction of cardiac output (P Ͻ 0.05; differs from HBOC-201 group with or without inhaled nitric oxide; fig. 1E ). The decrease in cardiac output after infusion of HBOC-201 with or without nitric oxide pretreatment resulted from a lower heart rate because stroke volume did not differ between experimental groups (data not shown).
Effects of Increasing Nitric Oxide Concentrations on Hemoglobin Oxidation Rate after HBOC-201 Administration
Pretreatment with inhaled nitric oxide did not prevent the acute pulmonary hypertension induced in lambs by HBOC-201 infusion; we, therefore, hypothesized that concurrent breathing of low levels of nitric oxide might block the HBOC-induced pulmonary hypertension without causing significant plasma methemoglobinemia. However, it was known that breathing 80 ppm nitric oxide during HBOC administration induced marked plasma methemoglobinemia, 21 and we sought to identify a lower concentration of nitric oxide gas that would dilate the pulmonary vasculature when inhaled without inducing plasma methemoglobin formation. First, we studied lambs that received an infusion of HBOC-201, and plasma and whole blood methemoglobin levels were measured after breathing nitric oxide for 15 min at ascending concentrations from 0.5 to 80 ppm ( fig. 2) . We observed that the increase of plasma methemoglobin level was 1 Ϯ 0% after breathing 5 ppm nitric oxide for 15 min, 3 Ϯ 1% after breathing 30 ppm nitric oxide for 15 min, and 8 Ϯ 1% after breathing 80 ppm nitric oxide for 15 min. However, the increase of methemoglobin levels within red blood cells was only 1 Ϯ 0% after breathing at 80 ppm. Therefore, continuously breathing nitric oxide at less than 30 ppm after HBOC-201 administration did not cause marked oxidation of either plasma or intracellular hemoglobin.
Effects of Continuously Breathing a Low Level of Nitric Oxide during and after HBOC-201 Administration on Systemic and Pulmonary Vascular Resistance
To examine whether breathing a low concentration of nitric oxide during and after HBOC-201 infusion could block the acute pulmonary hypertension induced by HBOC-201 administration, we pretreated lambs with 80 ppm nitric oxide breathing for 1 h followed by infusion of HBOC-201 (12 ml/kg) while continuously breathing 5 ppm nitric oxide for 2 h. This two-level combination of nitric oxide breathing prevented the changes in systemic and pulmonary vascular resistance induced by HBOC-201 (P Ͻ 0.05; HBOC-201 differs from autologous whole blood and from HBOC-201 after inhaled nitric oxide; fig.  3, A-D) . However, after 2 h, when nitric oxide breathing was acutely discontinued, the PAP and PVR immediately increased ( fig. 3 , B and D), but there were no effects on MAP or SVR. After infusion, cardiac output was lower in the group that received HBOC-201 than in the group that received autologous whole blood. After pretreatment with 80 ppm nitric oxide followed by continuously breathing 5 ppm nitric oxide, the HBOC-201-induced decrease in cardiac output was markedly attenuated (P Ͻ 0.05; differs from HBOC-201 group without inhaled nitric oxide; fig. 3E ). After administration of HBOC-201, plasma methemoglobin levels in the group breathing at 80 ppm and then 5 ppm nitric oxide did not increase beyond the levels observed in the HBOC-201 group breathing at FIO 2 ϭ 0.3 without nitric oxide (P ϭ NS; fig. 3F ).
Effects of Acute Nitric Oxide Withdrawal on the Normal Lamb
To determine whether there was rebound pulmonary vasoconstriction after discontinuing nitric oxide breathing in normal lambs (that did not receive HBOC-201), 26 we obtained pulmonary and systemic hemodynamic measurements before and after the acute withdrawal of nitric oxide (80 ppm for 1 h). Our results demonstrate that there is no change of MAP, PAP, SVR, and PVR after discontinuing nitric oxide breathing in healthy lambs. (Supplemental Digital Content, fig. 1 ; MAP, PAP, SVR, and PVR of normal awake lambs before and after inhaling nitric oxide).
Plasma Thromboxane B 2 Levels after HBOC-201 Infusion
Thromboxane B 2 is the principal metabolite of the powerful endogenous vasoconstrictor thromboxane A 2 . 23 It has been previously shown that severe acute pulmonary hypertension in lambs can be induced by infusion of thromboxane analogs as well as by the endogenous release of thromboxane A 2 after activation of complement. 27 To determine whether or not HBOC-201 infusion induced pulmonary hypertension via synthesis and release of thromboxane metabolites by pulmonary intravascular macrophages, 28 we measured plasma thromboxane B 2 concentration before and after infusion of HBOC-201. Thromboxane B 2 levels did not differ before and after HBOC-201 infusion (data not shown).
Effects of Sodium Nitrite Infusion on the Systemic and Pulmonary Vascular Resistance Response to HBOC-201
Breathing nitric oxide leads to an accumulation of nitric oxide metabolites, including nitrate and nitrite. 29, 30 Nitrite can be converted back to nitric oxide via nitrite reductases, including deoxyhemoglobin. 31 To examine whether nitrite administration could prevent the pulmonary hypertension caused by HBOC-201 infusion, sodium nitrite (1 mg/kg) was administered intravenously as an infusion before HBOC-201 was infused (fig.  4) . The nitrite infusion transiently lowered the MAP from baseline 99 Ϯ 2 to 84 Ϯ 3 mmHg (P ϭ 0.008), but it had no effect on PAP or cardiac output ( fig. 4, A, B , and E). Nitrite infusion attenuated the systemic hypertension induced by intravenous infusion of HBOC-201 ( fig. 4A) , but nitrite did not prevent the increases of PAP, PVR, or SVR or the decrease in cardiac output (P Ͻ 0.05; differs from autologous whole blood group; fig. 4 , B and E). Plasma methemoglobin levels did not differ in lambs receiving HBOC-201 alone and lambs receiving HBOC-201 after a nitrite infusion ( fig. 4F ).
Plasma Nitrate and Nitrite Levels before and after HBOC-201 Infusion
Nitrate and nitrite levels were measured in plasma samples taken from lambs pretreated with inhaled nitric oxide, from lambs treated with two levels of inhaled nitric oxide (80 ppm for 1 h before HBOC infusion and 5 ppm thereafter), and from lambs receiving a nitrite infusion ( fig. 5 ). Plasma nitrate levels did not change in lambs receiving HBOC-201 alone, but they dramatically increased in lambs breathing nitric oxide and in lambs given a nitrite infusion (P Ͻ 0.05; groups differ from HBOC-201 alone group; fig. 5A ). On the other hand, plasma nitrite levels did not change in sheep breathing nitric oxide, but levels were markedly increased in the lambs given intravenous nitrite before HBOC-201 administration. After the sodium nitrite infusion, the increase in plasma nitrite levels was transient, and nitrite concentrations returned to the baseline levels by 15 min after  HBOC-201 infusion (fig. 5B ).
Discussion
In this study, we report that the intravenous administration of HBOC-201 caused marked pulmonary and systemic vasoconstriction and decreased cardiac output in awake lambs. Pretreatment with inhaled nitric oxide or intravenous nitrite did not prevent HBOC-induced pulmonary vasoconstriction or decreased cardiac output. We identified a low concentration of inhaled nitric oxide that prevented the increase in PVR and decrease in cardiac output when administered simultaneously with HBOC after pretreatment with 80 ppm nitric oxide for 1 h. The combination of pretreatment with 80 ppm nitric oxide and concurrent administration of a low concentration of inhaled nitric oxide (5 ppm) did not cause a significant increase of plasma methemoglobin levels.
Inhaled nitric oxide is a selective pulmonary vasodilator that has been used to treat pulmonary hypertension in babies and adults as well as to prevent chronic lung diseases associated with prematurity.
32 Accumulating evidence suggests that inhaled nitric oxide may have systemic effects on coagulation, inflammation, recovery from ischemia/reperfusion injury, and vascular tone, although the precise mechanisms responsible for these systemic effects are controversial. [32] [33] [34] In a recent study, we reported that pretreatment with 80 ppm inhaled nitric oxide for 1 h prevented the systemic hypertension induced by subsequent infusion of HBOC-201 in both mice and sheep without causing plasma methemoglobinemia.
17 Surprisingly, in the present study, despite pretreatment with inhaled nitric oxide, HBOC-201 infusion in the awake lamb caused acute pulmonary hypertension and a major reduction of cardiac output ( fig. 1 ). Our studies with HBOC-201 infusion are consistent with the hemodynamic changes in various species reported by others. 10, 12, 13, 35 The increase of systemic and pulmonary arterial pressure and elevation of systemic and pulmonary vascular resistance with a decreased cardiac output indicate a diffuse vasoconstrictor effect of HBOC-201 infusion. Although we found ample evidence of pulmonary vasoconstriction after HBOC infusions in animal studies, 8 -12,17 we are unaware of studies measuring pulmonary hemodynamics while infusing HBOC-201 or other HBOCs in healthy human volunteers. It has been recently reported that the PAP significantly increased after HBOC-201 infusion in patients with an acute coronary syndrome undergoing percutaneous coronary inter- ventions. 36 Therefore, we sought a method to prevent the pulmonary vasoconstriction associated with infusion of HBOC-201.
After infusing HBOC-201 into lambs, we studied the effects of inhaling increasing concentrations of nitric oxide. Surprisingly, we found that extracellular hemoglobin was resistant to oxidation by inhaled nitric oxide when the gas was breathed at levels below 30 ppm ( fig.  2) . We then evaluated whether nitric oxide if continuously inhaled at low levels would prevent the systemic and pulmonary vasoconstriction induced by HBOC-201 administration. We learned that pretreatment by breathing nitric oxide (80 ppm for 1 h) followed by breathing a low concentration of nitric oxide (5 ppm) during and after HBOC-201 challenge prevented the development of both systemic and pulmonary vasoconstriction in awake lambs (see fig. 3 ).
Our results suggest that continued breathing of low levels of nitric oxide will be necessary to reverse the persistent nitric oxide scavenging caused by HBOC-201 administration in the pulmonary circulation. Acute withdrawal of nitric oxide breathing in our lambs, even 2 h after HBOC-201 infusion, caused acute rebound pulmonary vasoconstriction ( fig. 3 ). In contrast, sudden withdrawal of nitric oxide breathing in a normal sheep (without circulating HBOC-201) does not cause any hemodynamic alterations (see figure, Supplemental Digital Content 1, which shows MAP, PAP, SVR, and PVR of normal awake lambs before and after inhaling nitric oxide, http://links.lww.com/A601). The vasoconstriction observed after the sudden withdrawal of inhaled nitric oxide after HBOC-201 infusion is reminiscent of the rebound pulmonary hypertension occurring in adults with acute respiratory distress syndrome and children after cardiac surgery upon sudden withdrawal of nitric oxide inhalation. Slow reduction of the concentration of inhaled nitric oxide has been successful in preventing rebound pulmonary hypertension. 37 It is conceivable that slow weaning of inhaled nitric oxide may prevent rebound pulmonary hypertension in patients treated with HBOCs.
We considered the possibility that infusing HBOC-201, a foreign antigen, might induce pulmonary hypertension by activating complement with the elaboration of pulmonary thromboxane A 2 , a potent endoperoxide vasoconstrictor. 23 We measured plasma thromboxane B 2 levels after HBOC-201 infusion. The levels remained low and were not different between animals receiving a control transfusion of autologous blood and those demonstrating HBOC-201-induced pulmonary hypertension (data not shown). These findings suggest that thromboxane generation does not contribute to the pulmonary hypertension associated with HBOC-201 administration.
In a comparison with inhaled nitric oxide, an intravenous infusion of a dose of sodium nitrite sufficient to induce systemic hypotension followed by HBOC-201 administration attenuated the development of systemic hypertension, but it did not prevent the development of acute pulmonary vasoconstriction (fig. 4) . Serial measurements of nitrate and nitrite levels in plasma revealed that infusion of sodium nitrite increased levels of both metabolites ( fig. 5 ). In comparison, breathing nitric oxide elevated only the plasma nitrate level but not the plasma nitrite level (fig. 5) . These results suggest that the prevention of HBOCinduced vasoconstriction by nitric oxide inhalation is not attributable to the generation of nitrite.
The awake lamb is a commonly used model for pulmonary circulatory studies of the human newborn because it has a muscularized pulmonary arterial circulation. Thus, the lamb may be excessively susceptible to pulmonary vasoconstriction due to HBOC infusion. However, the pulmonary circulation of the human newborn is also muscularized as it is in adults with chronic pulmonary hypertension or other lung vascular diseases. It is conceivable that newborns and adults with pulmonary vascular diseases may be quite susceptible to vasoconstriction from HBOC infusion. We previously reported that very high levels of inhaled nitric oxide were required to partially reverse thromboxane-induced pulmonary hypertension. 27 In this study, the ability of low concentrations of nitric oxide breathing to completely prevent HBOC-201 pulmonary hypertension suggests that nitric oxide scavenging by HBOC causes this pulmonary hypertension (and not thromboxane A 2 release). High doses of inhaled nitric oxide can cause methemoglobinemia and may damage the lung and perhaps other organs. 38 On the other hand, thousands of infants with hypoxic respiratory failure and pulmonary hypertension are treated each year with inhaled nitric oxide, usually commencing at 20 -80 ppm for at least several hours. 39 Most of these newborns survive without renal or respiratory failure; therefore, it is unlikely that short-term breathing of such doses of nitric oxide gas is highly toxic. However, the current study is not a study of a hemorrhagic shock model. We chose to study a top-load model without hypotension or shock in order to isolate and examine the hemodynamic effects of the agent that we infused (HBOC-201). Nonetheless, before clinical use of inhaled nitric oxide with HBOC to treat hemorrhage and shock, additional animal studies should be undertaken.
In conclusion, we report that pretreatment of lambs with inhaled nitric oxide followed by continuously breathing a low concentration of nitric oxide can prevent the pulmonary and systemic vasoconstriction induced by HBOC-201 administration without causing any significant elevation of plasma methemoglobin levels. This promising combination therapy merits further evaluation as a method to enable HBOC administration without vasoconstriction in patients with acute traumatic anemia.
